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Abstract 
This paper presents results of a research project which analyzes large scale energy storage technologies in regard to their 
potential and the cost of storing energy. Principal findings: There is plenty of technical potential for all analyzed storage 
technologies in Lower Saxony, a federal state in Northern Germany. In regard to Levelized Electricity Cost (LEC), today pumped 
storage plants outperform the other technologies analyzed if designed as short or medium storage. Compared to today’s available 
alternatives, hydrogen storages are already competitive as long term storage. For 2030, hydrogen storage technologies 
significantly reduce their LEC. However, the ranking doesn’t shift fundamentally. 
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1. Introduction 
1.1. Background 
In the context of the German government's energy policy reorientation (Energiewende), in future a significant 
share of electricity will be generated from wind and solar energy, which is available only intermittently. To ensure 
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reliable energy supply, alongside accelerated expansion of the power grid and placing standby power plants in 
readiness, energy storage will play a key role. 
1.2. Points at Issue 
The intention of this publication is to answer the question which utility-scale energy storage technology is to be 
favoured now and in 2030. For the calculation, all substantive technical and economic parameters are to be factored 
into the considerations. 
1.3. Storage Systems Coming into Consideration 
For utility-scale storage facilities, various technologies are available, including some that have already been 
applied on a large scale for decades, for example pumped hydro, and others that are at the start of large-scale 
application, like hydrogen storage. This publication sheds light on pumped hydro, compressed air storage and 
hydrogen storage.  
 
 
 
 
 
 
 
Fig. 1. Storage systems coming into consideration 
For more detailed background information, reference is made to the extensive technical literature on this topic 
(dena, 2010), (EFZN, 2013), (RWE, 2010), (Hartmann et al., 2012) etc.  
 
The basic operating principle as well as the typical configuration of pumped hydro and adiabatic compressed air 
storage is unambiguous.† However the hydrogen storage needs further definition. With hydrogen storage the basis of 
all three storage paths depicted in the following is hydrogen generation by means of electrolysis. When storing H2, 
this study throws light on three storage paths. In each of these, the generated hydrogen is reconverted into 
electricity, i.e. power-to-power (P2P). These three paths are depicted in the following: 
 
x Path 1: Storage of H2 in caverns 
x Path 2: Storage by direct infeed of H2 into the natural gas grid (for limits see (DVGW, 2013)) 
x Path 3: Storage by methanation of H2 to synthetic methane, followed by its infeed into the natural gas grid. 
 
In all three paths, fuel cell technology has been selected for reconversion into electricity. For Paths 2 and 3, in 
particular, reconversion in a conventional combined-cycle gas turbine (CCGT) is conceivable. The advantage of the 
selected process, though, is that the three paths can be better compared. Favouring reconversion with CCGT is its 
higher efficiency, commercial availability of high power ratings, low CAPEX and long service life of CC power 
plants compared with fuel cells. The effect on levelized electricity cost (LEC) is quantified in section 3.3). 
 
 
† Pumped hydro: Upper and lower basins, with these connected via an underground chamber containing turbine, pump, generator and 
transformer, as well as penstock and tailrace tunnels; Adiabatic Compressed air storage: Machine house with air ingestion, compressor with 
generator and turbine, underground cavern and a thermal store. 
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2. Methodology 
2.1. Levelized Electricity Costs 
For an economic comparison of the technologies, the average discounted electricity generation cost, termed the 
levelized electricity cost (LEC), is calculated. When applied to energy storage systems, it corresponds to the average 
discounted costs of energy storage. According to (Konstantin, 2013), it may be derived by applying the net present 
value method. This finds wide application in practice. For a detailed description of the theory, reference is made to a 
range of publications, for example (Kost et al., 2013), (Wissel et al., 2010), (Konstantin, 2013), (Wissel et al., 2008).  
Key inputs for calculating LEC are CAPEX and the discounted annual costs for operation and maintenance, 
OPEX. The latter is made up, firstly, of costs for servicing and maintaining the installations and, secondly, the costs 
of the electricity consumed for charging the storage facility. 
 
 
 
(1) 
LEC =  Levelized Electricity Cost 
i  =  Discount rate 
CAPEX  =  Capital Expenditure 
OPEX  =  Operational Expenditure  
Waus =  Annual energy discharged from storage 
 
 
Taken as basic assumptions for calculating LEC are a charging electricity price of 50 €/MWh and a discount rate 
of 5%. The charging electricity price is varied in a sensitivity analysis. 
2.2. Dispatch Scenarios 
For an economic comparison of the technologies, the average discounted electricity generation cost, termed the 
levelized electricity cost (LEC), is calculated. When applied to energy storage systems, it corresponds to the average 
discounted costs of energy sto For this study, the deployment of storage systems is investigated on the basis of the 
following dispatch scenarios: short-term storage, medium-term storage and long-term storage. These are defined as 
follows (see table below): On the basis of the selected energy recovery period and number of cycles, for all 
dispatch scenarios there results around 7 full-load operating hours per day during which the storage facility 
discharges energy. Referred to a year, this amounts to around 2500 full-load hours of operation, corresponding to 
just about 30% of the year (8760 hours).  
 
Table 1. Definition of dispatch scenarios for energy storages 
Dispatch scenarios Energy recovery period 
(capacity:power ratio) [h] 
Cycles per day  
[cycles/d] 
Short-term storage (STS) 1 7 
Medium-term storage (MTS) 7 1 
Long-term storage (LTS) 200 0.033 
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2.3. Differentiation between Energy- and Power-Specific Investments 
Usually, in the literature, for various storage technologies, bandwidths for energy- and power-specific CAPEX 
are quoted in €/kWh and €/kW respectively. These bandwidths are determined for typical ratios of volumetric 
storage capacity to power output referred to the capacity and power of the entire storage system. To properly model 
the dispatch scenarios defined in this publication of short-, medium- and long-term storage, costs must be decoupled 
and calculated separately for the energy-dependent and power-dependent subsystems of the storage facility. For this 
purpose, the costs for each subsystem are determined. Thus, for example, the costs of the required basins or caverns 
for the differing applications for short-, medium- or long-term storage are calculated separately. These costs are 
referred to the energy that can be stored and are quoted in €/kWh. For power-specific CAPEX, specific values in 
€/kW are selected from the technical literature as well as on the basis of empirical values known from previous 
projects. The respective indicator values of the storage systems considered are shown in section 3.1. The total 
CAPEX of a storage system is the sum of its energy- and power-specific CAPEX. 
2.4. Technical potential  
The technical potential is determined for the federal state Lower Saxony in northern Germany. The methodology 
is briefly described in the following (see [Fichtner, 2014]). Pumped storage power plants: Potential for pumped 
storage power plants is calculated based on GIS (geographic information system) data together with additional 
restrictions which are implemented in a modelling tool. 
 
 
 
 
 
 
 
 
 
Fig. 2. Potential for pumped storage power plants Source: own diagram 
Compressed-air and hydro-storages: Potential for compressed-air and hydro-storages with underground caverns is 
based on a detailed analysis of available salt domes for artificial caverns (see figure below). 
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Fig. 3. Potential for compressed-air and hydro-storages with underground caverns based on the availability of salt domes for artificial caverns 
Source: KBB UT (see report "Elaboration of a development concept for energy storage in Lower Saxony", [Fichtner, 2014]) 
Hydrogen storage: Potential for hydrogen in the existing natural gas grid is calculated on the basis of volume 
flow rates and the allowed hydrogen proportion (see figure below). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Potential for storing hydrogen in the existing natural gas grid based on volume flow rates 
Source: own diagram 
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3. Results 
3.1. Summary of Key Indicative values for Storage Technologies 
Compiled in the following are the technical and economic indicative values of the reference storage systems.  
3.1.1. Technical indicative values of the reference storage systems  
Key technical indicative values of the reference storage systems are summarised in the following table.  
 
Table 2. Technical indicative values of the reference storage systems  
R = with reinvestments; STS = short-term storage; MTS = medium-term storage; LTS = long-term storage (see section 2.2) 
Technical indicative values  PH AA-CAES H2 cavern H2  
gas grid 
CH4  
gas grid 
Overall efficiency [%] 79.2 68.8 39.9 26.6 21.3 
Transfer-to-storage power [MW] 336 90 300 300 300 
Recovery-from-storage power [MW] 336 90 300 300 300 
Storage capacity (STS/MTS/LTS) [MWh] 336/ 
2,353/ 
67,242 
90/ 
630/ 
18,000 
300/ 
2,100/ 
60,000 
300/ 
2,100/ 
60,000 
300/ 
2,100/ 
60,000 
Service life [a] 80 40 30R 30R 30R 
 
Fixing of power ratings: The pumped hydro plant of 336 MW is based on an actual project outline; the AA-
CAES of 90 MW is based on the ADELE research project. The rating of the H2 store of 300 MW has been freely 
selected.  
3.1.2. Economic indicative values of the reference storage system 
Key economic indicative values of the reference storage systems are summarised in the following table. 
Table 3. Economic indicative values of the reference storage systems 
Economic 
indicative values 
 PH AA- 
CAES 
H2  
cavern 
H2  
gas grid 
CH4  
gas grid 
Power-specific CAPEX [€/kW] 487 910 2,500 2,600 4,255 
Energy-specific CAPEX 
(STS/MTS/LTS) 
[€/kWh] 115/ 
102/ 
57 
204/ 
34/ 
21 
36/ 
6/ 
0.3 
0 0 
Percent (of CAPEX) to calculate fixed 
OPEX 
[%/a] 0.8/ 
0.5/ 
0.3 
1.8 3.0 3.0 3.0 
 
The energy-specific CAPEX for H2 storage in Paths 2 and 3, with H2 and synthetic methane respectively 
transferred to storage in the natural gas grid, is set to 0 €/kWh, as it is assumed that a grid with storage capability is 
available. 
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3.2. Technical Potential 
Technical potential of the storage systems analysed (in Lower Saxony) is summarised in the following table (for 
details see [Fichtner, 2014]). 
Table 4. Technical potential of the different storage technologies in Lower Saxony 
Technology Concept of storage Number of 
potential sites 
Total potential 
Pumped storage plants water is stored in artificial 
reservoirs 
83 98,2 GWh 
Adiabatic compressed-air energy 
storage 
air is stored in artificial 
underground caverns 
568 0,37 TWh 
Hydrogen storage hydrogen is stored in artificial 
underground caverns 
2320 386 TWh 
Hydrogen storage hydrogen - feed in of hydrogen 
into the existing natural gas grid 
n/a 3,0 TWh 
Hydrogen storage methanation of hydrogen - feed 
in of methane into the existing 
natural gas grid 
n/a 456 TWh 
 
3.3. Levelized Electricity Costs of storage systems for differing dispatch scenarios today 
In the following, the investigated storage systems are prioritized on the basis of their economic performance. For 
this purpose, the levelized electricity costs (LEC) for the storage technologies are compared under the differing 
dispatch scenarios of short-, medium- and long-term storage. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. LECs of storage systems for differing dispatch scenarios: short-, medium- and long-term storage 
STS = Short-term storage; MTS = Medium-term storage; LTS = Long-term storage 
Source: own diagram 
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Depending on the dispatch scenario, the storage technologies exhibit differing LECs. In the short-term dispatch 
scenario, pumped hydro at 77 €/MWh is the best option, closely followed by compressed air storage at 106 €/MWh. 
Following by a wide margin are hydrogen storage in the cavern (Path 1) at 272 €/MWh, hydrogen storage in the 
natural gas grid (Path 2) at 361 €/MWh and hydrogen storage with methanation and methane storage in the natural 
gas grid (Path 3) at 484 €/MWh. This ranking does not change for the medium-term dispatch scenario. Here too, the 
costs for hydrogen storage are around three to six times that of stored hydro. For long-term dispatch, however, 
compressed air storage advances to first place at 235 €/MWh, followed by hydrogen storage in the cavern at 
280 €/MWh and pumped hydro at 326 €/MWh.  
 
Usage of a combined-cycle gas turbine (CCGT) for reconversion: 
Reconversion with a CCGT‡ (instead of the fuel cell technology) in Paths 2 and 3 would reduce the levelized 
electricity cost (LEC) (see methodology in section 2) by 29% in Path 2 and 24% in Path 3. 
4. Discussion 
4.1 Sensitivity Analysis – Influence of Various Parameters on the LEC 
a) Pumped hydro: It can be seen that the efficiency of short- and medium-term storage exerts a very great 
influence on the LEC: if the efficiency shifts up or down by 20%, the LEC becomes 20% more favourable or more 
costly in step. For long-term storage, in contrast, an increase in efficiency by 20% saves only around 2% of the LEC. 
The reason for this is the decreasing significance of variable OPEX (i.e. electricity costs) on the LEC. Also the 
influence of the price of electricity for storing energy is very great, and is lessened for long-term storage in 
comparison to the other two scenarios. The opposite is true for the discount rate and energy-specific CAPEX. For 
the short-term scenario these have no or a relatively small impact. The influence increases for long-term storage to 
the extent that a change of the discount rate of 30% brings about a change in LEC of around 20%. 
 
b) Adiabatic compressed air storage (AA-CAES): For compressed air storage, the behaviour is similar to that for 
pumped hydro. Efficiency and the price of electricity for storing energy greatly influence short-term storage, and 
this is lessened for long-term storage. In relative terms, however, as a maximum the change in LEC is only 19%. 
Energy-specific CAPEX and discount rate gain influence for long-term storage, although they only bring about at 
the most a change of 18% for a variation of ±30%. This increase or decrease of influence is attributable to the 
relative shares of the components as noted above. 
 
c) H2 store: A noticeable feature for hydrogen storage is that sensitivities are only minimal, irrespective of the 
dispatch scenario. This is also attributable to the slight changes of component shares in the LEC. In contrast to PH 
and AA-CAES, power-specific CAPEX exerts a consistently high influence for all dispatch scenarios, while energy-
specific CAPEX has no such consistent influence. 
 
4.2 Prospects for 2030 - LECs of storage systems for differing dispatch scenarios 
 
To assess the developments anticipated for the future, alongside the present situation the prospects for 2030 are 
also investigated. For this purpose, potential (technical) advancements are considered, as these may be expected to 
bring about shifts in the ranking of the storage systems and their storage costs.  
 
 
 
‡ Assumptions CCGT: Total efficiency of 58%; specific CAPEX of 500 EUR/kW [Konstantin, 2013] 
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x For the already established technology of pumped hydro systems, due to their technological maturity and project 
experience, to be on the conservative side, it may be assumed that their cost reduction potential has already been 
exhausted. 
x For the adiabatic compressed air store, for CAPEX a reduction of around 20% is assumed because when this 
technology is commercialized, further cost reductions would appear to be possible. 
x For hydrogen storage, the in part optimistic assumptions regarding technical development have intentionally been 
taken into account (for details, see Annex). The aim is to show whether and, if so, the extent to which this would 
(even) change the ranking. 
Proponents of hydrogen storage technology assume that possible future electricity prices quoted on the exchange 
will be favorable. In line with this argumentation, a relatively low electricity exchange price of 20 €/MWh is 
assumed for the future scenario. This favors technologies with a low efficiency, i.e. hydrogen storage. Tabulated in 
the Annex are the values assumed for reference storage systems of the present and for 2030. 
 
The development of the LECs from today to 2030 is shown in the following graphs. Shown in red are the LECs 
calculated for the present day and in blue the costs estimated for 2030. The bars show the bandwidths of the LECs if 
the anticipated future developments and technical improvements regarding higher efficiency, less costs, etc. are less 
favorable than assumed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Development of LECs up to 2030 (short and long-term storage)§ 
Source: own diagram 
 
 
§ Short- and medium-term storage with 1 h and 7 h energy recovery periods respectively show only small differences. For this reason and in the 
interests of clarity, only short- and long-term storage facilities are investigated. For medium-term deployment of the storage systems, there are 
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Short-term storage: For short-term deployment of the storage systems, up to 2030 there are reductions in LEC of 
around 50% for pumped hydro, 45% for compressed air storage and 70% for hydrogen storage. The principal reason 
for the LEC reduction for pumped hydro is the low price of 20 €/MWh also assumed for this technology. There is no 
change in the ranking of the storage systems on the basis of their LECs. In 2030, too, in terms of LEC, pumped 
hydro is the most favorable storage technology for short-term dispatch.  
 
Long-term storage: For long-term deployment, the picture changes. In this case, the reductions in LEC of pumped 
hydro and compressed air storage are only 10% and 20% respectively, and for hydrogen storage it is 70%. As a 
result, hydrogen storage overtakes pumped hydro. On the basis of the assumptions made for 2030, both compressed 
air and hydrogen storage are more favorable than pumped hydro. Even for the costliest variant, i.e. hydrogen storage 
(Path 3), the average, discounted costs of energy storage are only half those of pumped hydro. 
5. Conclusion 
This publication is an aid to (political) decision makers to answer the question of which utility-scale energy 
storage technology is to be favoured under economic aspects now and in 2030. As finding for assigning priorities, at 
present the picture is as follows:  
In the deployment scenarios of short-term storage (STS) and medium-term storage (MTS), pumped hydro is the 
most cost effective storage technology, closely followed by compressed air storage. In these deployment scenarios, 
hydrogen storage is not cost-competitive. Depending on storage path, its levelized electricity costs are greater than 
the costs for pumped hydro and compressed air storage by a factor of 2 to 6. A critical factor for the poor 
performance of hydrogen stores is their very high specific power-dependent CAPEX in combination with their short 
service lives and low overall efficiencies. When deployed for long-term storage, though, the picture changes. For 
this dispatch scenario, pumped hydro is the costliest means of energy storage. Then the most favourable storage 
technology is compressed air, followed by hydrogen storage.  
 
When considering the outlook for 2030, assumptions have been made for how indicative values for the various 
storage systems could develop. The result of these investigations is that in 2030 too, for short- and medium-term 
storage the most cost-favourable technology is pumped hydro followed by compressed air. Unlike today, also for 
these dispatch scenarios, hydrogen storage reduces the gap to pumped hydro and compressed air. The picture 
changes for deployment as long-term storage. In this case, in 2030 for all storage-discharge paths hydrogen storage 
is clearly the most favourable technology. 
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Appendix A. Assumptions for reference storage facilities at present and in 2030 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Florian Klumpp /  Energy Procedia  73 ( 2015 )  124 – 135 135
References 
[1] dena - Deutsche Energie-Agentur (2010) Analyse der Notwendigkeit des Ausbaus von Pumpspeicherwerken und anderen Stromspeichern zur 
Integration der erneuerbaren Energien (Analysis of the necessity to expand pumped storage hydropower plants and other electricity storage 
facilities for the integration of renewable energies). Laufenburg, Germany. 
[2] DVGW - Deutscher Verein des Gas- und Wasserfaches (2013) Entwicklung zu modularen Konzepten zur Erzeugung, Speicherung und 
Einspeisung von Wasserstoff und Methan ins Erdgasnetz (Development of modular concepts for generation, storage and infeed of hydrogen 
and methane into the natural gas grid). Bonn, Germany. See http://www.dvgw-
innovation.de/fileadmin/dvgw/angebote/forschung/innovation/pdf/g1_07_10.pdf (accessed 06/03/2014). 
[3] EFZN - Energie-Forschungszentrum Niedersachsen (2013) Eignung von Speichertechnologien zum Erhalt der Systemsicherheit (Study on the 
suitability of storage technologies for maintaining system security). Goslar, Germany. 
[4] efzn - Energie-Forschungszentrum Niedersachsen (2013) Studie Eignung von Speichertechnologien zum Erhalt der Systemsicherheit (Study 
on the suitability of energy storage technologies for maintaining power system stability). Goslar, Germany. 2013. 
 [5] Fichtner (2014) Erstellung eines Entwicklungskonzeptes Energiespeicher in Niedersachsen (Elaboration of a development concept for energy 
storage in Lower Saxony). Stuttgart, Germany. See http://www.energiespeicher-nds.de/fileadmin/Studien/Fichtner_ Studie.PDF (accessed 
05/09/2014). 
[6] Hartmann N, Eltrop L, Bauer N, et al. (2012) Stromspeicherpotenziale für Deutschland (Electricity storage potentials for Germany). Institut 
für Energiewirtschaft und Rationelle Energieanwendung (IER), Institut für Strömungsmechanik und Hydraulische Strömungsmaschinen 
(IHS), Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg (ZSW), Universität Stuttgart. Stuttgart, Germany. 
[7] Konstantin P (2013) Praxisbuch Energiewirtschaft: Energieumwandlung, -transport und -beschaffung im liberalisierten Markt (Practical 
manual for the energy economy: energy conversion, transportation and procurement in the liberalized market). vol. 3. Berlin, Germany. 
[8] Kost C, Mayer J, Thomsen, J, et al. (2013) Stromgestehungskosten - Erneuerbare Energien (Electricity generation costs – renewable energy). 
Fraunhofer-Institut für Solare Energiesysteme ISE. Freiburg, Germany. 
[9] RWE Power Aktiengesellschaft (2010) ADELE - Der adiabate Druckluftspeicher für die Elektrizitätsversorgung (ADELE - Adiabatic 
compressed-air energy storage for electricity supply). Köln, Germany. 
[10]Schapitz T, (2014) Energiewirtschaftliche Bewertung großtechnischer Stromspeichertechnologien in unterschiedlichen Einsatzszenarien 
(Evaluation of large-scale energy storage technologies under energy aspects under various dispatch scenarios). Masterthesis, Institut für 
Energiewirtschaft und Rationelle Energieanwendung (IER), Universität Stuttgart. Stuttgart, Germany. 
[11]Wissel S, Fahl U, Blesl M, et al. (2010) Erzeugungskosten zur Bereitstellung elektrischer Energie von Kraftwerksoptionen in 2015 
(Generation costs for provision of electrical energy from power plant options in 2015). Institut für Energiewirtschaft und Rationelle 
Energieanwendung (IER), Universität Stuttgart. Stuttgart, Germany. 
[12]Wissel S, Rath-Nagel S, Blesl M, et al. (2008) Stromerzeugungskosten im Vergleich (Comparison of electricity generation costs). Institut für 
Energiewirtschaft und Rationelle Energieanwendung (IER), Universität Stuttgart. Stuttgart, Germany. 
 
